The Spallation Neutron Source (SNS) ring is designed to accumulate beam pulses of 1.5 x l O I 4 protons of 1 GeV kinetic energy at a repetition rate of 60 Hz [ ll. At such beam intensity and power, key design challenges include control of beam loss and radio-activation, construction of highquality large-aperture magnets and power supplies, design of robust injection and extraction systems, minimization of beam-coupling impedances, and mitigation of electroncloud effects. This paper discusses the status of the ring systems with emphasis on technical challenges and issues, and presents future perspectives towards a next-generation high-intensity facility.
INTRODUCTION
The SNS project is presently in the 5th year of a 7-year construction cycle [21. The SNS ring, designed and constructed mainly by the Brookhaven National Laboratory, will accumulate pulses of 1 . 5~ lOI4 protons of 1 GeV kinetic energy at a repetition rate of 60 Hz (Table 1) [I] .
The primary concern is beam-lass induced radioactivation that can limit the ring's availability and maintainability. With a dedicated beam collimation in the ring at an efficiency above 90%, the tolerable fractional beam loss is about 131. 
ACCELERATOR DESIGN CHOICES

Accumulator ring
During the first year of construction, a study was performed comparing the present structure of full-energy linac plus accumulator ring to a rapid-cycling-synchrotron (RCS) design: a 60 Hr. 400 MeV linac feeds two, vertically stacked RCSs accelerating the proton beam to 2 GeV energy. The biggest challenge to the RCS design is from the stringent (1 W/m) beam-loss criterion: although relaxed by 0-7803-7738-9/03/S17.00 8 2003 IEEE Roceedings of the 2003 Particle Accelerator Conference a factor of 5, still only 0.4% uncontrolled loss is allowed for a 2 MW beam power assuming 90% collimation efficiency. On the other hand, among existing rings the lowest loss of about 0.3% is achieved at LANL's PSR, a 800 MeV accumulator, as opposed to typical losses of a few to tens of percent in RCSs (e.g'. ISIS, FNAL and AGS Boosters) .
As opposed to the accumulator, the RCSs operating at 30 Hz require a high RF voltage (about 400 kV per ring at 1.4 -1.9 MHz) for fast acceleration, a large magnet aperture to accommodate the space charge at a lower energy, ceramic vacuum pipes with detailed RF shielding, and highperformance power supplies. Minimization of magnetic errors due to eddy current. ramping, saturation. and powersupply tracking is non-trivial. The study concluded that the required RCS design is technically more'demanding and less cost effective [41.
Permanent magnets were considered as an option for the accumulator ring magnets. Electromagnetic magnets were chosen instead, given the uncertainty in the linac energy.
This choice is especially appropriate to accommodate lateradopted superconducting-RF.linac.
Ring FODO-doublet lattice
The four-fold symmetric ring lattice contains four dispersion-free straights, each housing injection, collimation. RF, and extraction (Fig. 1) . Each achromatic arc consists of 4 FODO cells with 90" horizontal phase advance.
After optimization, the ring lattice has doublet straights [I] . The lattice combines the FODO structure's simplicity and ease of correction with the doublet structure's flexihility for injection and collimation. Injection at a dispersionfree region allows independently adjustable painting in the transvene (with orbit humps in the ring) and longitudinal (with an energy-spreading phase-modulated RF cavity in the HEBT) directions for a robust operation. The 12.5 mlong uninterrupted straight section with a flexible phase advance further improves collimation efficiency. Comparing with the original all-FODO lattice, matching between the arcs and the straights increases the arc acceptance by 50% with the same magnet aperture (Fig. 2) . 
Lessons learned
Solid-steel, as opposed to laminated-steel. was selected for most ring and transport magnet cores for cost savings.
,",..ger.l' l,rrn*r.r fvnclio" at I . U C t V i " S " l 7 "ipoiom .*eyl,,. Individually, good field quality (-IO-* relative error at full acceptance) is achieved. However, excessive (up to 0.25%) magnet-to-magnet variation is found in the dipole integral transfer function (ITF) and its current dependence ( Fig. 3) [51. These dipoles are shimmed with iron sheets to achieve below variation for 1 GeV operation, and sorted according to 1.3 GeV measurement data to minimize orbit corrector strength. Ring quadrupoles are partly sorted according to the power-supply family, and partly shimmed to achieve below
The design does not allow in-situ baking of vacuum chambers that is needed for alternative NEG film coating.
PHYSICAL CHALLENGES
Main ring challenges include meeting the target requirements on the peak current density, minimizing uncontrolled beam loss, and controlling collective effects (space charge, instabilities, electron cloud [I] .
variation among each family. Tables 2 and 3 list the expected controlled and uncontrolled beam loss. Beam collimation is performed at multiple locations (Fig. 1) to minimize the uncontrolled loss.
Beam loss
Space charge
The dominant collective effects are expected to he beam halo and beam loss generated by space-charge related res- Table 4) .
The maximum incoherent space-charge tune spread is chosen to be 0.15 to avoid resonance-induced beam loss (Fig. 4) . Transversely, the beam is painted to a full, unnormalized total emittance of 240 spm. Longitudinally, a dual-harmonic RF system is used to achieve a bunching factor -0.45, and HEBT energy spreader is used to paint a full momentum spread of f0.796 without enhancing tails.
Impedance and instabilities
Efforts are made to reduce the coupling impedance in a frequency range from about 200 Hz to above 50 MHz.
14 extraction kickers residing inside the vacuum chamber are major sources of transverse impedance. The impedance associated with the high-p femte was reduced by terminating the pulse-forming network (PFN) circuit to 25 0, and by maximizing the width of the kicker module (Fig. 5) .
Electron-cloud effects
Electron cloud remains to be an unresolved issue. Computer simulation indicates a trailing-edge electron concentration of peak value near I5 nUm much higher than the value simulated for the PSR ring [SI.
Mitigation measures involve suppressing electron generation and enhancing Landau damping 191. Magnetron (dc) sputtering is used to coat the surfaces with 0.1 pm TiN to reduce electron multipacting (Fig. 6 ). Electrons 
TECHNICAL ISSUES & STATUS Injection
For charge-exchange injection of an intense H-beam, free-hanging carbon and diamond foils are both developed to be mounted on a quick-exchange mechanish [IO] . Stripped electrons are guided by the fringe field of tapered magnets and collected by heat-resistant C-C material attached to a water-cooled copper plate (Fig. 7) . Both stripping foils and the electron catcher are monitored by video systems.
The transverse painting is achieved by 4 horizontal and 4 vertical dipoles with programmable power supplies. The measured minimum rise time (about 175 ps) is below the design value. The longitudinal painting is achieved by using a RF cavity located in the HEBT that is phase modulated with respect to the linac frequency.
Collimation
The H-beam in the HEBT is cleaned with stripping foils, and then a magnetic field separates the stripped beam from the original H-beam. The transverse collimation is located at the end of the~l.inac upstream of the energy correcto:, and the longitudinal collimation is located in the 90"
The proton beam in the nng is cleaned transversely with a two-stage system, wherein the primary scraper scatters 
Vacuum adchamber coating
The design vacuum pressure is (0.5 -l)x IO-' Torr in HEBT to minimize H-stripping, IO-' in the ring to minimize gas scattering and ion-and electron-induced desorptions, and (0.5 -1)x IO-'Torr in RTBT.
The entire inner surface of ring vacuum chamber and extraction kicker ferrite is coated with TiN [9]. "0-layers of coating aie applied to the ceramic chamber for injection kickers: a I p -t h i c k copper layer for by-passing the image charge, and a O.lpm-thick TiN layer for a low secondaryelectron yield, along with an exterior metal enclosure fordc current bypass. This design allows the image-current passage above the lowest betatron sideband (-200 kHz) without degrading the magnetic-field penetration, eddy-current heating, and beam-induced heating. Four-family sextupoles are ananged in 4-fold ring lattice symmetry for chromaticity adjustment without compromising the dynamic aperture. The ring correction elements consist of horizontal and vertical dipoles, normal and skew quadrupoles, normal and skew sextupoles, and octupoles for orbit correction and decoupling. amplitude detuning. and resonance corrections. Octupoles can be rotated to act as skew-octupoles if needed. The reduction in quadmpole transfer function (--0.2%) caused by the 
Reliability and avuilability
Engineering design considers redundancy, radiation resistance, "active maintenance" capability (all-around cranes, quick-release flanges, quick-release water fittings, moveable shielding), and spares for areas of high radiation and activation.
FUTURE PERSPECTIVES
The ring and transport facility is designed with the potential to reach a beam energy up to 1.3 GeV and a beam power beyond 2 MW, capable of supplying a second neutron target [I] . Space is reserved for two additional extraction kickers, and for the replacement of 2 injection-chicane dipoles to satisfy Ho stripping conditions. We are indebted to the SNS teams and our collaborators for their devotion and contributions.
interference from nearby sextupletcorrector is easily adjusted. Resonance correction strategy is developed in the presence of space charge [6].
